According to the ABNT NBR 7190: 1997 standard, tensile strength of wood samples shall be defined as the ratio between the ultimate strength from a stress test and the specimen cross-sectional area (350 mm 2 ). However, due to the complex wood anatomy and experimental difficulties, the fractured surface in tested samples are not perpendicular to the loading direction; therefore, such fractured surface becomes larger than the sample cross section, overestimating tensile strength by this method. Using an alternative approach, we aimed to determine the approximate fracture surface of wood specimens subjected to tensile test. For this purpose, we used the least square method to estimate tensile strength of four hardwood species, which were equally divided into strength classes. Then, we determined the relationship between the cross-sectional areas of intact and fractured specimens. The results showed that the approximate area of a fractured surface was 2.14 higher than that of an intact sample. As a result, tensile strength estimates were 47% lower than those currently estimated, which is unfavorable for the safety of construction structures.
INTRODUCTION
Wood is a renewable resource, abundant in Brazil, and presents a high relationship between mechanical strength and density, which makes it suitable for use in building structures (Molina & Calil, 2015 , Cavalheiro et al., 2016 , Kain et al., 2017 . As an orthotropic material, wood shows different mechanical properties in longitudinal, radial, and tangential directions (Lahr et al., 2014 , Stolf et al., 2016 . It has motivated some researches focused on evaluating the association of wood properties and specific positions of samples under mechanical tests (Icimoto et al., 2015; Christoforo et al., 2017) .
The combination of cellulosic fibers (resistant and flexible) and lignin (biological fiber binder) categorizes wood as a fibrous composite material (Dai & Fan, 2014 , Tao et al., 2017 , Youjun et al., 2017 . Under a static bending test, this material exhibits an increasing R-curve for cracks due to mechanisms able to prevent crack from opening in mode I. This is evidenced by fiber layers that enable the development of cracks not only towards the load direction in a test but also perpendicular thereto (i.e., mixed mode). Therefore, wood anatomical composition makes it a highly tough material resistant to crack propagation (Morel & Valentin, 2005 , Stolf et al., 2015 , Xianwu et al., 2017 , Fank et al., 2017 .
In Brazil, structural projects are elaborated following assumptions and calculation methods described in the Brazilian Standard ABNT NBR 7190: 1997 (ABNT, 1997 , which defines design criteria and testing methods to determine physical and mechanical properties of wood materials for structural purposes. According to this standard, wood tensile strengths (ft), either parallel (ft0) or perpendicular (ft90) to grain directions, are defined as the ratio between the ultimate strength from a static tensile test (Fmax t0 , Fmax t90 ) and the sample cross-sectional area (S), as expressed in eqs (1) and (2), respectively.
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In both eqs (1) and (2), fracture is considered to occur at mid-length of specimen, and the fractured area is assumed to be perpendicular to load direction. However, due to inherent characteristics of wood and a non-uniform growth of its longitudinal fibers (anatomical defects), fracturing mechanism does not occur in a single direction (Dai & Fan, 2014) ; hence, the cross-sectional area of a fractured sample tends not to be perpendicular to fiber direction, as shown in Figure 1 . FIGURE 1. Wood specimens fractured in tensile strength tests in parallel to grain direction. Figure 1 shows that the surface of a fractured area of the specimen is larger than its cross-sectional area (nominal -7 mm × 50 mm). Under these conditions, the use of eqs (1) and (2) to determine tensile strength, as in ABNT NBR 7190: 1997 (ABNT, 1997 , may result in strength values higher than those obtained by considering the area of the fractured section, thereby undermining the safety of structural projects.
The present study proposes an approximate calculation of the cross-sectional area of fractured specimens in a tensile strength test in parallel to grain direction, using the least square method (linear regression model) to relate this approximate area to the specimen nominal area. For this purpose, four wood species of hardwood trees, equally divided into strength classes, were tested, in addition to propose a coefficient (α) to be incorporated into [eq. (1)] of the above-mentioned Brazilian standard.
MATERIAL AND METHODS
Wood species used in this research were Cedrorana (Cedrelinga catenaeformis), Canafístula (Cassia ferruginea), Tatajuba (Bagassa guianensis), and Maçaranduba (Manilkara huberi). The wood materials were properly stored with about 12% moisture content, established as equilibrium content by the Brazilian standard ABNT NBR 7190: 1997 (ABNT, 1997 
To use [eq.
(3)], the strength values (fi) obtained from specimens should be placed in ascending order (f1≤f2≤f3...≤fn), discarding the highest one if the number of specimens is odd, for not accepting a fc0, k below f1, nor less than 70% of the average value. From each wood species, 12 specimens were prepared and then subjected to parallel-to-grain loading. Table 1 presents the characteristic strengths from parallel-to-grain tensile strength tests for each wood species and its respective hardwood class. This emphasized that selecting a species by its strength class allows a greater comprehension of coefficient α, to be obtained by the least square method. To determine the approximate area of a fractured region (SEF), one of the fractured parts of a specimen is chosen; then, a reference system is established on the chosen part to obtain the following coordinates of the region vertices: A (xA, yA, zA), B (xB, yB, zB), C (xC, yC, zC), and D (xD, yD, zD), as shown in Figure 2 . From linear algebra, it is known that the vector product norm (×) between two vectors 1 
Equation 4 was applied to each vertex of the fractured region of a given specimen (Figure 2) , obtaining the approximate area considering the following vertices:
The effective specimen area to be used in [eq. (1)] is the highest among the following values: Sef A , Sef B , Sef C , and Sef D , wherein: Sef = max (Sef A , Sef B , Sef C , Sef D ).
Since the failure plane is not perpendicular to the applied loading direction (Figure 1) , tensile strength consists of the total or effective stress, which has normal and shear stresses as components.
Additionally, 12 specimens were prepared for each wood species and subjected to parallel tensile tests. Once the approximate area (Sef) and cross-sectional area of each specimen [S] (nominal dimension -50mm 7mm) were determined, the least square method (Equation 5) was used to obtain an optimal coefficient (α), which expresses the relationship between both areas (Sef=α•S), considering sample results of the four wood species. , α ( α ) Among other mechanical tests, parallel-to-grain tensile strength testing was used for the same species (among others) in a study performed by Dias & Lahr (2004) . These authors found tensile strength means of 62, 85, 93, and 139 MPa for Cedrorana, Canafístula, Tatajuba, and Maçaranduba, respectively. Such results are in accordance with ours, as shown in Table 2 .
RESULTS AND DISCUSSION
The coefficients of variation (CV) for parallel-tograin tensile strengths obtained by the Brazilian standard procedure were below 24%, as established in the Brazilian norm NBR 7190 (1197), in which 18% is for normal loads and 28% for tangential requests. For the estimated strength, the lowest and highest coefficients of variation were 32.16% and 43.51%, respectively. These outcomes can be justified by a large variation in cracking mode of specimens, reflecting the large range of means estimated within such confidence intervals.
All samples showed a mean fractured area 2.21 times higher than the cross-sectional area, which implies a significant reduction in tensile strength.
Using the least square method, the set of four species resulted in an α coefficient of 2.14 (Sef=α•S); thus, the fractured section is on average 2.14 times the crosssectional area of the tested specimens. Hence, the parallelto-grain tensile strength was 47% of the value estimated using the equation and calculation methods proposed by the current used Brazilian standard. However, this outcome falls short of what is established for the safety of structural projects.
The absence of tensile failure parallel to grain direction (beams and columns) in structural projects is certainly associated with increasing coefficients of loads and reduction of mechanical properties (stiffness and strength). This is because the failure form in a tensile element does not occur as idealized by the Brazilian standard, thus this factor must be taken into account.
CONCLUSIONS
The coefficient α obtained by the least square method in this study, which expresses the relationship between the cross-sectional area (S) and the approximate fractured surface in the tested wood specimens (Sef), was of 2.14. Moreover, the tensile strength estimates were 47% lower than those currently estimated by the method proposed by the Brazilian standard, thus, being unfavorable for the safety of construction structures.
The form the tested wood specimens fractured varied widely, leading to large variations in the areas. Thus, to improve the coefficient of relationship between these areas, there is still a need for further studies using significantly larger number of species and samples.
